Glasses and glass-ceramics were obtained by mixing up to 50 wt% of Italian or Spanish coal fly ash with other wastes (glass cullet and float dolomite). The behaviour of 10 compositions was investigated by thermal (DTA) and mineralogical (XRD) analysis, microstructural (SEM) characterization, mechanical and chemical measurements. It was verified that the contribution of the alkaline-earth elements in the original composition is fundamental to easily obtain glassceramics with a fine microstructure which improves the mechanical properties. Otherwise, with a small addition of fly ash and without dolomite, very stable glassy materials were obtained that did not exhibit any visible etching either in water or in acid media. Therefore, the combined vitrification/devitrification technique is a suitable methodology for the recycling and exploitation of coal fly ash.
Introduction
A large amount of fly ash is produced in the world as a by-product of coal combustion in power stations. Currently, only a small percentage of this waste is utilized, mainly in the cement industry [1] , the remainder being directly discharged into fly ash ponds or landfills. This gives rise to social and economic problems resulting in cost increase (transport, inertization treatments, disposal). Moreover, national regulations are reinforcing environmental protection L. Barbieri, I. Lancellotti, T. Manfredini, I. Queralt, J.Ma. Rincón, M. Romero. Design, obtainment and properties of glasses and glass-ceramics from coal fly ash Fuel, 78 (1999) 2, 271-276; DOI: 10.1016 DOI: 10. /S0016-2361 measures, thus rendering the development of new recycling technologies necessary and convenient. Indeed, attempts to utilize fly ash are not new; several more efficient uses have been proposed in the last 40 years, including brick and ceramic tile manufacture, lightweight aggregate, road pavements, fillers in plastics and paints, mineral wool and for metal recovery.
Most recently the development of new ceramic and glass-ceramic materials, made by recycling coal fly ash, has been acquiring particular importance [2] , [3] , [4] , [5] , [6] and [7] . The main reasons lie in some characteristics of the waste itself and in the properties of the combined vitrification/devitrification technique. The chemical composition of fly ash is typical of the most common glassy ternary system (CaO-Al 2 O 3 -SiO 2 ) with significant amounts of transition metal oxides which are able to act as nucleant agents for nucleation and crystallization; furthermore, the presence of glassy microspheres increases the reactivity of this waste; the fine powder form makes it ready for mixing with other ingredients in a batch. Moreover, glass and glass-ceramic technology is able to convert at a low cost complex chemical compositions into useful materials with substantial perspectives of market exploitation, absorbing at the same time dangerous elements that may be present in the batch into a homogeneous chemically inert glassy matrix.
In this paper we tested the vitrification/devitrification capability of Italian and Spanish coal fly ash as a function of their significantly different chemical composition and of the additions of other inorganic wastes, appropriately introduced to make the formation of amorphous and semicrystallized materials easy.
Materials and methods
Different waste raw materials were used to make the glass synthesis process as cheap as possible (Table 1) . Binary compositions were prepared by mixing glass cullet of conventional glass production with 10-50 wt% of coal fly ash, either Spanish (Teruel and Meirama-from the northeast and the northwest, respectively) or Italian (Rete 2-Reggio Emilia, in the north), very different in SiO 2 , Al 2 O 3 and CaO content. The glass cullet ensures the presence of a significant amount of silica glass former and melting oxides such as Na 2 O and CaO. To improve the stability and the moulding of the glass and its tendency towards the crystallization, a 30 wt% of float dolomite (from Spanish mineral extraction operations) as CaO and MgO bearer was also used to realize three ternary formulations (4T, 4M and 4RC). Ten different batches (Table 2) were obtained by ball milling the as-received fly ash, calcined for 1 h at 1100°C (to avoid possible problems of degassing reactions during melting), and dolomite with grounded glass cullet, packing them in refractory crucibles and placing in a high temperature electric furnace. L. Barbieri, I. Lancellotti, T. Manfredini, I. Queralt, J.Ma. Rincón, M. Romero. Design, obtainment and properties of glasses and glass-ceramics from coal fly ash Fuel, 78 (1999) 2, 271-276; DOI: 10.1016 DOI: 10. /S0016-2361 The small disagreement, evident in the table, between the calculated and the experimental data, typical in particular of the dolomite-containing compositions, is probably due to a reaction of the melting batch with the crucible (prevalently made of mullite, 3Al 2 O 3· 2SiO 2 ). The melting temperature was about 1500°C (thermal cycles of 5 h), after which the glass was poured in a steel mould, annealed at 550°C for 2 h, then cut by a diamond saw blade in equal pieces (1×1×0.5 cm) for subjection to different devitrification thermal treatments. The theoretical tendency towards crystallization was evaluated by the method of Ginsberg applied to the natural rocks [8] . Thermal parameters, i.e. glass transition, crystallization and melting temperatures, were determined by high precision differential thermal analysis (Netzsch polished specimens of glasses and glass-ceramics embedded in the epoxy resin. Calculations of E and K IC followed published procedures [9] and [10] . 
Results and discussion
The mixing and melting of the waste raw materials from Table 1 give differently coloured glasses (dark/brown to transparent green). DTA experiments showed the existence of two glassy families ( . The SEM analysis in addition to comfirm the crystalline phases recognized by XRD pointed out a surface crystallization mechanism. This is evident in the micrograph of the 4M glass-ceramic obtained after 2 h at 1200°C (Fig. 3) , which shows the crystalline network formed starting from the edge of the sample embedded in the glassy matrix. Fig. 2 . DTA curve traces on glassy powders of different composition. The crystallization degree is a function not only of the composition but also of the thermal treatment. In the XRD patterns of the 4T sample (Fig. 4) Mechanical properties of the original glasses and the corresponding devitrified products display better values than the conventional glasses and/or the commercial glass-ceramics. After thermal treatments, it is possible to obtain crystallized products with improved mechanical properties, as is shown in Table 3 . The 4T glass treated at the highest temperature shows a good combination of H V , E and K IC values. Mg, Na and Fe elements was noted only for the ternary formulations and especially corresponding to the Italian fly ash addition (4RC composition) due to its lower ratio of glass former and modifiers elements (Table 4) . 
Conclusions
In this work we demonstrated that it is possible to dispose coal fly ash through its valorization as a fundamental (40-50 wt%) and alternative raw material to produce new coloured glass and glass-ceramic products with improved properties. To obtain amorphous materials mixing low percentage of fly ash with glass cullet ensures a suitable material workability; otherwise, to transform the glass into a glass-ceramic it is necessary to employ higher amounts of coal ash and help the crystallization process with alkaline-earth materials and transition elements (in this study we used waste dolomite). Before approaching the study of a material by the vitrification/devitrification technique, particular attention must be paid to the chemical nature of the coal fly ash. Suitable glass and glass-ceramic products can be obtained only if a good ratio between glassy network former and modifier elements exists, as here demonstrated by the best behaviour of the Spanish fly ash with respect to the Italian one.
